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Edited by Maurice MortalAbstract The protein family of membrane-anchored extended
synaptotagmin-like proteins (E-Syts) was recently discovered
in humans. E-Syt1 to 3 each contain at least one transmembrane
domain and three or ﬁve C2 domains. To investigate the whole
C2 area of murine E-Syt2, highly pure recombinant E-Syt2
(rE-Syt2) covering all three C2 domains was isolated. The struc-
ture of rE-Syt2 was studied by small-angle X-ray scattering
(SAXS) providing a three-dimensional image of a protein with
three C2 domains. Calcium binding of rE-Syt2 triggered struc-
tural rearrangements and initiated reversible multimerization
of the protein in vitro. Quantitative analysis of the calcium bind-
ing revealed an apparent binding constant of 100 lM. This is the
ﬁrst structural study of a multi-C2 protein, presumably involved
in Ca-dependent signalling events.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The members of the recently introduced novel protein family
of extended synaptotagmin-like proteins (E-Syts) are composed
of three or ﬁve C2 domains and at least one transmembrane
segment [1]. Discovered as a regulatory module of protein ki-
nase C (PKC) about 20 years ago [2], C2 domains have been
identiﬁed in numerous eukaryotic proteins containing either
one or multiple C2 domains arranged in tandem repeats [3].
High-resolution 3D-structures of diﬀerent isolated C2 domains
showed a common core scaﬀold built by a sandwich of 2 four-
stranded b-sheets, whose highly conserved b-strands can be
linked with each other in two diﬀerent layouts distinguishing
type I and type II topologies [4–10]. Motifs based on aspartic
acid residues in interconnecting variable loops at both ends of
the fold can form binding sites for calcium [4,5,9,11,12].
Accordingly, calcium-binding C2 domains are able to respondAbbreviations: CD, circular dichroism; E-Syts, extended synaptotag-
min-like proteins; PKC, protein kinase C; PLA, phospholipase A;
PLC, phospholipase C; SAXS, small-angle X-ray scattering; SEC, size
exclusion chromatography; SMP, synaptotagmin-like mitochondrial
and lipid binding proteins; TM, transmembrane domain
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doi:10.1016/j.febslet.2008.10.038to this important cellular second messenger and act as calcium
eﬀectors contributing to the regulation of signal transduction
pathways. The C2 domain was found to control the subcellular
distribution of proteins during elementary cell signalling events
by calcium dependent lipid binding [3,13,14]. While the ability
to bind lipids is quite common to C2 domains, the speciﬁcity of
this interaction is highly variable [3]. Additionally, for some C2
domains coordination of calcium was found to cause a confor-
mational change [15,16] modulating the aﬃnity for lipids and
enhancing attachment to membranes. Over the last two dec-
ades, soluble signalling proteins containing a single C2 domain
such as PKC isoforms and various phospholipases (PLA and
PLC isoforms) have been studied intensively.
On the other hand, only little is known about proteins bear-
ing more than one C2 domain (multi-C2 proteins), which were
arbitrarily classiﬁed as soluble and transmembrane proteins
[3]. The majority of reports on C2 domains are based on
descriptions of one isolated C2 motif of a given protein, only
a few studies consider C2 domains of multi-C2 domains inter-
dependent. Multi-C2 proteins are often regarded as a group,
possibly since their particular functions remain mostly unclear,
especially for proteins containing solely tandem C2 domains
individual ﬁelds of action are diﬃcult to identify. Therefore,
the molecular context in which these proteins operate is spar-
sely understood in most cases. However, following ﬁndings on
synaptotagmins I and II comprising two C2 domains, which
are important for the functionality of neuronal synapses
[17,18], many multi-C2 proteins were suggested to be involved
in the release of neurotransmitters from storage vesicles [19,20]
or were discussed to contribute to membrane traﬃcking
events.
The new protein family of extended synaptotagmin-like pro-
teins was described recently, but could not be assigned a dis-
tinct activity yet [1,21]. For E-Syt2 comprising three C2
domains (C2A, C2B and C2C), calcium-dependent lipid bind-
ing was qualitatively analyzed using recombinant protein frag-
ments fused to GST covering only one or two of the present C2
motifs [1].
In this work we analyzed the structure and calcium-binding
properties of the C2 portion of murine E-Syt2 at all four levels
of protein organization. Recombinant, untagged E-Syt2 dem-
onstrated to be a b-sheet containing monomer. Structural
analysis of rE-Syt2 by small-angle X-ray scattering (SAXS)
provided the ﬁrst insight into the overall, three-dimensional
architecture of a protein containing three C2 domains. Fur-
thermore, rE-Syt2 was shown to oligomerize calcium-depen-
dently indicating that calcium binding is, from a structural
point of view, a conserved regulatory feature of E-Syt2.blished by Elsevier B.V. All rights reserved.
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2.1. Sequence analysis
For protein sequence alignment and dendrogram computation Clu-
stalW [22] software was utilized. Visualization of results was carried
out using the TreeView [23] program. Similarity and identity between
sequences were calculated using MatGat software [24].2.2. Cloning of recombinant E-Syt2
The E-Syt2 fragment for recombinant production was ampliﬁed by
PCR using the oligonucleotides 5 0-GCTCATGAAGGGTGTCCTAA
GGATTCACT-3 0, 5 0-AAACTCGAGCTACGTTATCACCTGTGG
CCT-30 and cDNA isolated from CTLL-2 cells resulting in a tag-free
construct of E-Syt2 lacking both of the predicted membrane-spanning
segments. Puriﬁed DNA was ligated into the pET-15b expression vec-
tor (Novagen) using the NcoI and XhoI sites.2.3. Puriﬁcation of rE-Syt2
Brieﬂy, rE-Syt2 protein was expressed inEscherichia coli BL21(DE3)
and puriﬁed by sequential cation and anion exchange and size exclu-
sion chromatography at diﬀerent pHs. The progress of puriﬁcation
was monitored by SDS–PAGE. The puriﬁed recombinant protein
was dialyzed against 20 mM Tris, 4 mM DTT, pH 8.0 and concen-
trated to 5–20 mg/ml by ultraﬁltration and stored at 4 C.2.4. Dynamic light scattering
Analysis of particle sizes in protein solutions was carried out using a
Zetasizer Nano instrument (Malvern Instruments) at 20 C in a total
volume of 600 ll. Protein samples were diluted to 1 mg/ml in 20 mM
Tris, 4 mM DTT, pH 8.0 and ﬁltered through a 0.02 lm ﬁlter (What-
man). Measurements were done without additives, and by successive
addition of CaCl2 and EDTA to ﬁnal concentrations of 1.6 mM and
3.2 mM, respectively. For each condition three independent experi-
ments were performed.
2.5. Analytical size exclusion chromatography
Size exclusion HPLC (SEC) was performed using a TosoHaas TSK
4,000 PW column (separation range 10–1500 kDa). Buﬀer conditions
were 20 mM Tris, 150 mM KCl, pH 8.0 and a ﬂow rate of 0.75 ml/
min was applied. Recombinant E-Syt2 was detected by absorption at
280 nm. BSA and other standard proteins from a molecular weight
marker kit (Sigma) were used for calibration.
2.6. Circular dichroism spectroscopy
Far-UV–CD spectra were recorded using a Jasco J-715 spectropo-
larimeter (Jasco) equipped with a PTC 343 peltier unit. The experi-
ments were carried out at a protein concentration of 0.3 mg/ml in
20 mM Tris, 4 mM DTT, pH 8.0 at 20 C; 16 spectra were accumu-
lated and buﬀer-corrected. Structural elements were calculated using
the CD spectra deconvolution software CDNN [25].
For calcium titration Ca2+ and EDTA were added at the concentra-
tions indicated (three individual series). The change in molar ellipticity
at 213 nm as function of the added Ca2+ concentration was used for
calculation of the apparent binding constant [15]. Data were ﬁtted
using the Bolzman equation (y = A2 + (A1  A2)/(1 + exp((x  x0)/
dx)) and the Origin software package (OriginLab).
2.7. X-ray scattering experiments and data analysis
The scattering patterns of rE-Syt2 were measured at the beamline
X33 [26] of the EMBL Hamburg at concentrations of 10.0, 5.0 and
2.5 mg/ml in a sample volume of 60 ll as described in [27]. In advance,
the protein solution was checked for radiation damage, but no aggre-
gation was found during exposure. All data processing steps were per-
formed using the program packages PRIMUS [28] and GNOM [29].
These initial analyses indicated a folded and globular protein with a
molecular mass of 70 kDa ± 5 kDa as deducted from a BSA refer-
ence solution.
2.8. Ab initio low resolution SAXS model building
Low resolution models of rE-Syt2 were built from the scattering
data with an ab initio method using the program GASBOR [30].
Ten independent reconstructions were performed for rE-Syt2 deploy-ing 540 amino acid dummy residues (DR), which were analyzed using
the programs DAMAVER [30] and SUBCOMB [30,31]. An averaged
model, for which v described the discrepancy between the experimental
and the calculated curves, was computed and used for further interpre-
tations.
2.9. Rigid body model building and reconstruction of the missing
interdomain linkers
A molecular modeling approach was applied to combine rigid body
and ab initio modeling of proteins consisting of domains (for which
high-resolution models are available) linked by ﬂexible loops of un-
known structure. The program BUNCH [31,32] was employed to ﬁnd
the optimal positions and orientations of the three C2 domains of rE-
Syt2 moved as rigid bodies and probable conformations of the ﬂexible
linkers. The program CRYSOL [33] was used to calculate solution X-
ray scattering of the model to compare the ﬁt with experimental data.3. Results
3.1. Conservation of primary E-Syt2 protein sequences
The protein sequence of E-Syt2, which belongs to the re-
cently introduced E-Syt family of proteins [1] with unknown
cellular function, was analyzed to investigate evolutionary con-
servation across species and domain structure. The murine se-
quence of E-Syt2 was used to retrieve other putative protein
sequences from NCBI databases by BLASTp searches. As
shown in Fig. 1A, all species analyzed share at least 45% sim-
ilarity and a high degree of identity was found even for dis-
tantly related species; human and mouse sequences, for
example are 85% identical, zebraﬁsh and mouse 58%. Based
on these sequence alignments a dendrogram was constructed
(Fig. 1B) illustrating the relationship of E-Syt2 proteins from
diﬀerent species.
As predicted by the SMART software tool [34], E-Syt2 com-
prises two N-terminal transmembrane domains and three C2
domains at the C-terminus (Fig. 1C). The second putative
membrane-spanning segment was hypothesized to be part of
novel domains termed as synaptotagmin-like mitochondrial
and lipid binding proteins (SMP) [35] or X domain [1]. Thus,
E-Syt2 represents a highly conserved protein which argues
for a conserved tertiary structure and function.
3.2. Puriﬁcation of rE-Syt2 at preparative scale
For binding studies and structural investigation, a recombi-
nant fragment of E-Syt2 covering all three C2 domains without
the transmembrane regions (Fig. 1C) was cloned into pET-15b
(Novagen) using restriction sites, which remove the His-tag
provided in this vector. The resulting recombinant E-Syt2
(rE-Syt2) was expressed without aﬃnity-tag in E. coli BL21
and isolated in a coupled four-step liquid chromatography ap-
proach. After the ﬁnal size exclusion chromatography, isolated
rE-Syt2 was concentrated by ultracentrifugation and the
homogeneity of the obtained preparation was demonstrated
by SDS-PAGE at diﬀerent dilutions as shown in Fig. 2A.
3.3. Secondary and quaternary structure of rE-Syt2
Analysis by CD-spectroscopy conﬁrmed that rE-Syt2 was
structured (Fig. 2B). The local minimum near 210 nm indi-
cated that the b-sheet content was dominant as expected for
C2 domains. Calculation of the relative contents of secondary
structure elements revealed, that b-structures accounted for
over 60% of the detected signal. Denaturation with 6 M guan-
idinium hydrochloride resulted in a complete loss of the sec-
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Fig. 1. Comparative analysis of E-Syt protein sequences from diﬀerent species. (A) High conservation of primary structure. The murine E-Syt2
sequence was used to search for homologous proteins in the NCBI databases. Accession numbers of sequences compared were EAT38995 (Aedes),
NP_741181 (Caenorhabditis), XM_693440 (Danio), AAF56313 (Drosophila), XM_001233945 (Gallus), A0FGR8 (Homo), XP_001083514 (Macaca),
Q3TZZ7 (Mus), CAF94585 (Tetraodon) and Q5FWL4 (Xenopus). The percentages of similarity (white numerals) and identity (black numerals) were
calculated for these sequences using MatGAT [24]. For all species analyzed at least 45% similarity was determined and mammalian sequences were
more than 84% identical. (B) Phylogenetic analysis of E-Syt2. The unrooted dendrogram created by ClustalW [22] displays the relationship of E-Syt2
sequences. The lines connecting two species denote the number of amino acid substitutions per site of compared proteins. (C) Predicted domain
organization of murine E-Syt2. The SMART software [34] identiﬁed two putative N-terminal transmembrane regions (TM) and three C2 domains
(C2A, C2B and C2C) at the C-terminus. An internal segment (black box) containing the second TM was alternatively discussed to represent a
separate domain [1,35]. The recombinantly expressed fragment rE-Syt2 comprised all three C2 domains (solid box). The number of amino acids is
indicated.
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investigated by analytical size exclusion chromatography
(Fig. 2C). The protein eluted as a single peak with an apparent
molecular mass of 60 kDa indicating that rE-Syt2 was a mono-
mer. To further substantiate this observation, dynamic light
scattering experiments were carried out as shown in Fig. 2D.
Again, one single peak was detected suggesting that all parti-
cles in solution had a uniform average size of about 8 nm. Ta-
ken together, the experiments indicate that puriﬁed rE-Syt2
was a monodisperse solution of monomers.
3.4. Three-dimensional model of rE-Syt2
Next, we investigated the three-dimensional structure of E-
Syt2 in more detail. A low resolution structure of rE-Syt2
describing the surface morphology was determined by small-
angle X-ray scattering (SAXS) and a model of the possible
three-dimensional arrangement of its C2 domains was devel-
oped. Based on these SAXS data the GASBOR program cal-
culated ab initio models for rE-Syt2, which were in good
agreement (v-values of 1.6) with the experimental scattering
curve (Fig. 3A). The interpretation as a collection of beads
whose spatial arrangement corresponds to the entire protein
shape allowed us for the ﬁrst time to visualize the overall archi-
tecture of a protein containing three C2 domains. The compact
globular molecule possesses an oval proﬁle which is inter-
rupted by several grooves and valleys. It consists of a core re-
gion with a lobe-shaped section protruding. This overallprotein morphology was found in 10 independent modeling
runs which were merged into the ﬁnal illustration (Fig. 3B).
As a next step, rigid bodies modeling (BUNCH software)
was deployed based on high-resolution structures of C2 do-
mains from other proteins. For this modeling experiment, suit-
able 3D structures were identiﬁed by BLAST searching the
RCSB protein data bank [36] with rE-Syt2 as input sequence.
The top scores were produced by the crystal structures of syn-
aptotagmin III C2A/C2B domains from mouse (1DQV) and
the solution structure of the third C2 domain of KIAA1228
protein (2DMG), which is the human homolog of murine E-
Syt2. For the BUNCH modeling a randomized arrangement
containing these C2 domains and a ﬂexible linker chain of
112 dummy residues was used as starting conformation. Since
intramolecular ﬂexibility of tandem C2 domains was reported
[37,38], relative changes between the C2A/C2B domains were
also allowed in additional computation providing the greatest
possible freedom of movement of all connected domains. In
further modeling experiments, the atomic structure of the cal-
cium-free C2A–C2B domains from human synaptotagmin 1
(2r83) exhibiting a more compact ‘‘closed’’ conﬁguration [38]
was used instead of 1DQV, which, in contrast to our SAXS
measurements, was obtained in the presence of exogenously
added metal ions. All derived models were in line with the
ab initio calculated protein shape showing good ﬁts to the
experimental data (v-values of 1.5) as depicted in Fig. 3C
for the homology model based on 2r83 and 2DMG. The over-
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Fig. 2. Characterization of rE-Syt2 folding. (A) Coomassie stained SDS-PAGE of protein preparation. The isolated protein was shown to be of high
homogeneity and purity. (B) CD-spectra of rE-Syt2. The structural integrity of recombinant protein was veriﬁed by circular dichroism. The spectrum
of untreated rE-Syt2 (s) exhibited a local minimum near 210 nm indicating the presence of a high content of b-sheets, which comprise the
predominant secondary structure element in C2 domains. In contrast, no secondary structure was detected in a sample denatured in 6 M GdHCl (D).
Inset: Calculated percentage of secondary structure elements. (C) SEC elution proﬁle of rE-Syt2. In analytical gel ﬁltration experiments puriﬁed rE-
Syt2 eluted as a single peak with the apparent molecular mass of a monomer (60 kDa). (D) Particle size distribution in rE-Syt2 solutions. In dynamic
light scattering experiments rE-Syt2 gave a single peak at 8 nm indicating that the protein solution was monodisperse. The curve shown is
representative of three independent experiments.
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was concordant in all BUNCH generated models with the lin-
ker domain exhibiting large conformational ﬂexibility. Only
small diﬀerences in the relative positions of individual C2 do-
mains were found in the models based on 1DQV and 2DMG
(Fig. 3D) or 2r83 and 2DMG (Fig. 3E). Therefore, combina-
tion of SAXS data and BUNCH modeling did not allow con-
cluding which model is the more likely one, however, the
domain architecture obtained with 2r83 and 2DMG showed
the best space-ﬁlling of the rE-Syt2 protein shape (Fig. 3E).
Finally, the ﬂexible linker between C2B and C2C domains
was integrated into the computed 3D structure giving initial
insight into the possible spatial organization of all domains
of rE-Syt2 within the resolution of the SAXS method.
3.5. Calcium-induced conformational changes and
multimerization
Since many C2 domains were reported to bind calcium ions,
the inﬂuence of calcium on rE-Syt2 was analyzed. In circular
dichroism spectroscopy (Fig. 4A) addition of calcium was
shown to trigger a conformational change in rE-Syt2 as de-
ducted from the reproducibly decreased minimum in the spec-
tra. This process could be reversed by EDTA restoring the
initial spectrum of recombinant E-Syt2 without supplements.
In a titration experiment, the ellipticity at 213 nm was mea-
sured at varying calcium concentrations (Fig. 4B) and an
apparent dissociation constant of 100 lM was calculated.
Additionally, the impact of calcium on rE-Syt2 was analyzed
in a dynamic light scattering approach. In the presence of cal-cium rE-Syt2 was found to form multimers with an average
particle size of 320 nm (Fig. 4C). This association was non-
covalent and reversible, because removal of calcium by excess
EDTA caused dissociation into monomers (Fig. 4D). Interest-
ingly, similar ﬁndings have been reported for synaptotagmins
representing the closest relatives of E-Syts [39]. In summary,
rE-Syt2 was shown to respond to calcium exposure by alter-
ation of its secondary structure and the formation of multi-
mers.4. Discussion
The focus of this study laid on the structural characteriza-
tion of E-Syt2, a member of the recently identiﬁed family of ex-
tended synaptotagmin-like proteins (E-Syts). They comprise at
least one N-terminal transmembrane domain and three to ﬁve
C2 domains at their C-termini. Comparison of E-Syt2 protein
sequences from diﬀerent species revealed that E-Syt2 was evo-
lutionary conserved with a high degree of homology even be-
tween distantly related organisms. This preservation of E-
Syt2 primary structure indicated an important function for this
protein, which is not elucidated yet. Apart from the variable
N-terminus of E-Syt2 primary sequences, the loop region con-
necting C2B and C2C was the most variable area within the
primary structures (data not shown). For analysis of further
structural issues, a soluble fragment of E-Syt2 covering all
three C2 domains (rE-Syt2) was recombinantly expressed
and puriﬁed to homogeneity. Thus, the C2 portion of E-Syt2
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BUNCH model in D using 1DQV (blue) and 2DMG (yellow) the optimized arrangement of C2 domains contained in 2r83 (green) and 2DMG (red)
shows better space-ﬁlling of the ab initio SAXS structure (E). (F) Putative domain architecture of rE-Syt2. An overview of the spatial domain
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connecting C2B and C2C was integrated into the 3D structure.
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represent a connected entity rather than an apposition of inde-
pendent domains. This allowed for the ﬁrst time to study the
structure–function relationship of the entire cytosolic part of
E-Syt2, particularly as cooperative eﬀects of C2 domains in
multi-C2 proteins were described for Syt I [38,40]. Recombi-
nant E-Syt2 containing all three C2 domains was soluble and
we were able to purify the protein to homogeneity from
E. coli lysates. The availability of concentrated rE-Syt2 protein
was a requirement for structural analysis by small-angle X-ray
scattering (SAXS) and provided, to our knowledge, the ﬁrst
image of a protein composed of three C2 domains. Molecular
modeling gave initial insight into the possible spatial arrange-
ment of these domains in rE-Syt2. For many C2 domains an
intrinsic capacity to bind calcium ions was described to essen-
tially contribute to their functions [4,15]. Therefore, the cal-
cium-binding capacity of rE-Syt2 was investigated and the
determined binding constant of 100 lM was in the range of
aﬃnities reported previously for other C2 domains [12,15].
The interaction with calcium might be speciﬁc for the C2A do-
main in the case of E-Syt2, since the C2B and C2C domains
were reported to lack amino acid residues essential for the
coordination of a calcium ion in homologous C2 domains
[1]. Furthermore, exposure to calcium was shown to induce
conformational changes in rE-Syt2, which were reversible inthe presence of EDTA. These structural rearrangements could
constitute the basis for the observed reversible multimerization
of rE-Syt2 in vitro which was indicative for a triggered process
rather than an unspeciﬁc aggregation. Previously, soluble frag-
ments of synaptotagmins and copine have been shown to be-
have similarly upon stimulation with calcium [39,41,42],
however, the physiological relevance of this phenomenon is
still poorly understood. In these studies, multimeric particles
of large molecular weight were detected in the presence of cal-
cium and eﬀorts to determine the respective aggregation state
were inconclusive [41,42]. The great diﬀerence in diameters of
rE-Syt2 monomer and multimer species measured by dynamic
light scattering indicated an equally high degree of mulimeriza-
tion. Therefore, calcium-induced rE-Syt2 multimers are likely
to contain diﬀerent numbers of monomers resulting in a poly-
disperse solution which is unsuitable for SAXS. Furthermore,
the dynamic equilibrium between the aggregates and the
monomeric form [39,42] interferes with structural analysis. If
clustering of membrane-anchored endogenous E-Syt2 occurs
in vivo, the progress of oligomerization within the membrane
would be restricted to two dimensions and protein complexes
might incorporate fewer monomers compared to soluble rE-
Syt2. The observed interaction with calcium, triggering struc-
tural rearrangements and self-association as a response to
one of the most important second messengers in eukaryotic
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and with increasing calcium concentrations, 50 lM (e), 1 mM (D) and 10 mM (s). The minimum area near 210 nm was found to be reduced in the
presence of calcium suggesting that calcium induced conformational changes in rE-Syt2. Calcium depletion by an excess of 5 lM EDTA (h) showed
the reversibility of this process. (B) Association of calcium and rE-Syt2. During calcium titration the change of ellipticity at 213 nm was monitored to
determine the rate of conformational changes as a function of calcium concentration. From these data, an apparent dissociation constant of
100 lM was calculated using a Boltzmann model. (C) Calcium-induced self-assembly of rE-Syt2. When calcium (1.6 mM) was added to rE-Syt2
solutions, a particle population exhibiting a diameter of 320 nm was identiﬁed by dynamic light scattering. Compared to the untreated sample in
Fig. 2D, the monomer peak at around 8 nm decreased signiﬁcantly suggesting a calcium dependent multimerization of rE-Syt2. (D) Dissociation of
rE-Syt2 multimers after calcium depletion. Addition of an excess of EDTA (3.2 mM) reduced the multimer signal drastically while the monomer
population grew markedly.
3946 G.J. Groer et al. / FEBS Letters 582 (2008) 3941–3947cells, might serve as molecular switch in a to date unknown
context. Thereby, the C2 domains of E-Syt2 might deliver or
induce a signal at membranes via their calcium-dependent
structural alterations.
Taken together, our structural characterization of rE-Syt2
clearly demonstrates that extended synaptotagmin-like pro-
teins basically show identical structural properties compared
to isolated C2 domains. Interestingly, the 3D-modeling of the
overall structure of rE-Syt2 demonstrates a propeller-like orga-
nization with rather weak direct contact interfaces between the
single C2 domains. Nevertheless, not only the calcium-binding
potential but also the overall calcium aﬃnity seems to be con-
served independent of the number of C2 domains. The calcium
binding regulates a conserved mechanism of oligomerization,
whose biological function is yet to be elucidated.
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